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Abstract

The influence of different ratios of individual components (silicone surfactant, hydrophilic and lipophilic phase) on
the viscoelastic behaviour of semisolid lipophilic emulsion systems was studied. The creams were prepared according
to a preliminary experimental design (mixture design). The content of all three phases was varied: surfactant (1–5%),
purified water (from 40 to 90%) and white petrolatum (5–59%). Oscillatory rheometry was used as the most
appropriate experimental method for the evaluation of the emulsions. The rheological properties were influenced by
the ratio of the components. For highly concentrated systems the predominant elastic response in the whole frequency
range was measured. The cross-over point is characteristic for the concentrated systems. For the low concentrated
systems, viscous behaviour is predominant. Rheometry has also been employed to follow and evaluate physical
stability as one of the critical factors of emulsion systems. The dynamic rheological parameter, tan d, has been chosen
as the basis for developing mathematical models (linear, polynomial, neural) to forecast stability related to the content
of the separate components in emulsion systems. After testing the linear models their non agreement to statistical
criteria for a good model Freg, Flof, CC, DC, and RMS was found. The two-level neural network has been proven to
be a statistically acceptable model, as were the polynomials of the second order. The two-level neural network model
was also evaluated and the results have shown a great degree of reliability. The prediction of tan d using a neural
network model was found to be of great interest for the contemporary pharmaceutical formulation design because a
lot of additional testing can be omitted. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Semisolid emulsion systems are complex poly-
dispersed gels in which surfactants interact with
themselves and with lipophilic or hydrophilic
phase (Eccleston, 1986). In the past years
semisolid lipophilic emulsion systems did not rep-
resent an interesting research field as they had
limited therapeutic applications. But today these
systems are gaining importance because of their
many advantages. They represent physically,
chemically and microbiologically stable systems
without added preservatives. The area is expanded
mostly because of new, very effective surfactants
which enable the incorporation of large amounts
of water and thus the production of so-called
‘light’ creams.

Silicone surfactants are representatives of these
new surfactants. They are among the most widely
used compounds in the formulation of skin care
products, because of their physiological accep-
tance, thermal and chemical stability, and excel-
lent physical characteristics like smoothness and
nongreasiness after application (Starch, 1990;
Müller-Goymann, 1992; Chandra et al., 1994).
Their use in pharmaceutical formulations is still
infrequent.

Successful planning and formulation of phar-
maceutical emulsion systems demands good
knowledge of mechanisms which cause processes
of physical instability, such as flocculation (aggre-
gation), sedimentation, flotation and coalescence
(Friberg et al., 1996). Problems of physical stabil-
ity were perhaps one of the main reasons why
these systems have not been used to their best
advantage. For observation and evaluation of ex-
tent of instability there is still no quick and reli-
able method to be useful for both liquid and
semisolid o/w or w/o emulsion systems, sensitive
enough to detect indications of instability before
they become visible. There are many different
procedures and methods to follow changes under
normal and stress conditions: rheometry, droplet-
size analysis, dielectric measurements, mi-
croscopy, DSC (Folgar and Müller-Goyman,
1994; Rieger, 1991). The schemes for stability
testing of semisolid emulsion systems are not ab-
solute: by testing a new sample, a plan has to be

created for each formulation separately, with re-
spect to its composition. Many comparisons with
similar systems whose stability is known and
tested (an internal standard), is necessary. While
rheometry is one of the important methods for
elucidation of the structure of semisolid systems,
changes in rheological behaviour can signify insta-
bility or at least indicate a particular kind of
instability. Therefore, rheological measurements
need to be carefully planned and performed (Zo-
grafi, 1982).

Simulation is the modern iterative method
which can imitate the function (operation, activ-
ity) of some real processes. The results of the
simulation give additional knowledge of the inves-
tigated system. The simulation tools in our inves-
tigation were the neural network and the
polynomial models. The most important advan-
tage for using neural network models is that they
can be used also for non-linear relations between
factors and responses. The simulation of the sys-
tem effects is usually very good (good results of
testing of models even outside the limits of the
factors). The trained neural network model is
simple to use, and close study of the results of the
neural network gives us (for inspection of differ-
ent contours and simulated values) much conse-
quential and useful information about the studied
system.

The purpose of the present paper was to ex-
plain the influence of different ratios of individual
components (silicone surfactant, hydrophilic and

Table 1
The composition of semisolid lipophilic emulsion system ac-
cording to the constrained mixture design

Purified waterSurfactantSample White petrola-
tum

I 0.300.03 0.67
II 0.050.900.05

0.01III 0.90 0.09
0.01 0.590.40IV
0.05V 0.40 0.55

VI 0.01 0.65 0.34
0.300.650.05VII

0.03VIII 0.90 0.07
0.03IX 0.40 0.57
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Table 2
The input data, values of tan d, for modelling

Sample y1 y2 y3 y4 y5 y6 y7 y8 y9

0.9215 0.9591 0.8372 0.88190.7780 0.93341a 0.8799 1.084 0.9025
0.84091b 0.8391 0.8777 0.9141 0.8797 0.8915 0.9725 0.8755 0.9529

0.7790 0.8318 0.9815 0.8719 0.5214 0.9745 0.917 0.98231c 0.8892
0.7642 0.8451 0.8177 0.82970.8831 1.3581d 0.9355 0.8911 1.023

0.79541e 0.7871 0.7793 0.8180 0.8589 1.408 1.047 0.9687 0.8812
0.6951 0.8805 0.9573 0.88061f 0.91970.9347 0.9471 0.969 0.9318
0.5037 0.3325 0.3156 0.31060.4515 0.29082 0.2862 0.3143 0.2855

0.38873 0.4445 0.2772 0.3071 0.3155 0.3095 0.3234 0.3323 0.3481
2.7540 3.8470 3.9140 3.379 4.112 4.274 4.645 3.4824 2.5790
1.6390 2.7790 2.6230 2.2122.0730 2.9255a 3.002 3.345 3.503

2.14405b 1.9160 2.2950 2.3290 2.753 2.497 3.015 3.037 4.035
0.9661 0.9229 0.9737 1.0446 1.0720.9180 0.9889 1.042 0.9601
0.7408 0.7151 0.8228 0.75180.8187 0.88267 0.8959 0.9134 1.029

0.50038 0.2932 0.3152 0.3141 0.3071 0.3465 0.3175 0.3088 0.3224
2.6630 2.7440 2.4580 4.4619 3.6222.2680 3.631 3.688 3.162

lipophilic phase) in emulsion systems on the struc-
ture, which is reflected in their rheological be-
haviour and has a consequence also in their
physical stability. The results of rheometric mea-
surements (dynamic rheological parameter tan d)
were chosen as the basis for the development of
mathematical models (linear, polynomials, neural)
to forecast stability, depending on the content of
separate components in the tested emulsion
systems.

2. Materials and methods

2.1. Materials

The silicone surfactant used is a mixture of
polysiloxane–polyalkylene–polyether copolymer
and non-ionic surfactants (ABIL WE 09®, Th.
Goldschmidt, Essen, Germany). White petrolatum
and purified water meet the requirements of DAB
10.

2.2. Preparation of w/o semisolid emulsion
systems

The tested lipophilic semisolid emulsion systems
containing silicone surfactant were prepared by
own prescription according to a preliminary ex-

perimental design. The constrained mixture design
was chosen, where the sum of all three compo-
nents was equal to 100%. The content of compo-
nents was varied: silicone surfactant (1–5%),
white petrolatum as the lipophilic phase (5–59%),
and purified water as the hydrophilic phase (40–
90%) (Table 1). Low energy emulsification was
selected a method of preparation.

2.2.1. Procedure
The silicone surfactant and white petrolatum

were stirred at ambient temperature. Thereafter
the purified water was added in small portions
while mixing. The creams were finally mixed for 3
min using a high-speed mixer (Ultra Turrax T 25,
Janke & Kunkel, Ika Labortechnik, Staufen, Ger-
many) at 8000 rpm.

2.3. Rheology

A rotational and oscillatory viscometer (Rhe-
olab MC 100, Paar-Physica, Stuttgart, Germany)
was used. All experiments were performed with a
KP 22 cone and plate measuring system (diame-
ter=25 mm, a=1°, cone–plate distance=50
mm) at a constant temperature (2090.2°C).

In dynamic mechanical spectroscopy the stress
response of a viscoelastic material subjected to a
sinusoidal varying strain is monitored as a func-
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tion of strain amplitude or frequency. The vis-
coelastic properties are expressed with the follow-
ing dynamic parameters: (1) storage modulus (G %,
Pa), characterizing the elastic behaviour and rep-
resenting a quantity of energy reversibly stored in
the system; (2) loss modulus (G¦, Pa), characteriz-
ing the viscous (plastic) behaviour, representing a
quantity of irreversibly lost energy; (3) loss factor,
tan d=G¦/G %, indicating the ratio between the
viscous and elastic portion of the sample and
hence also the ratio between the amount of dissi-
pated and stored energy.

In order to determine the linear viscoelastic
area the experiments were carried out at constant
frequency (1 Hz) in an amplitude range from 0.05
to 10 (deformation sweep). Once this region was
established, the frequency sweep was performed at
an amplitude within the linear region (0.2) and the

Fig. 3. High concentrated semisolid emulsions: G % and G¦
dependent on frequency (d=0.2, after 1 month storage).

Fig. 4. Concentrated semisolid emulsions: G % and G¦ depen-
dent on frequency (d=0.2, after 1 month storage).

Fig. 1. Architecture of the used back-propagation neural net-
work.

Fig. 2. Determination of linear viscoelastic area for the low
concentrated emulsion system (sample V); n=1 Hz.

frequency range from 0.01 to 50 Hz. All rheologi-
cal parameters were calculated using Physica
Software.

The physical stability during ageing was fol-
lowed for 12 weeks. After preparation, rheological
measurements were performed following the fol-
lowing ageing plan; at 1, 2, 3, 4, 6, 8, 10 and 12
weeks. As a measure of evaluation of physical
stability, the changes of dynamic parameter tan d

were selected.
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2.4. Modelling

The input data for the neural network and
polynomial models were the results of oscillation
measurements. The absolute value of tan d at
frequency 5.32 Hz was used (Table 2). The first
experiment was replicated six times as the mea-
surement error was limiting when the neural net-
work model stopped training (because of
over-training problems). At this point the RMS
(root mean square of the difference between ex-
perimental and simulated tan d values) was the
same as the RMSm (root mean square of the

difference between the particular experimental
value and mean experimental value). The correla-
tion between selected factors and tan d were stud-
ied with the models according to the ageing plan.
Selected factors were the contents of particular
emulsion components: silicone surfactant, x1;
purified water, x2; and white petrolatum, x3. The
responses represented values of tan d at different
times: y1, after the preparation; y2, after 1 week;
y3, after 2 weeks; y4, after 3 weeks; y5, after 4
weeks; y6, after 6 weeks; y7, after 8 weeks; y8, after
10 weeks; y9, after 12 weeks.

2.4.1. Linear models
The linear polynomial models were as follows:

Yj=A�x1+B�x2+C�x3 (1)

These are typical linear models for the mixtures in
which the sum of all factor values is equal to 1 or
100%, introduced by Scheffe (Wadsworth, 1990).
The significance of the factor according to the
examined response can be seen from the size of
the parameter of the particular factor in the linear
model. The inverse proportion or proportion cor-
relation between factor and response can be deter-
mined from the sign of the parameter.

2.4.2. Quadratic models
Quadratic polynomial models were as follows:

Yj=A�x1+B�x2+C�x3+D�x1�x2+E�x1�x3

+F�x2�x3 (2)

The procedure for the determination of incom-
plete quadratic models involved:

First step : determination of linear model.
Second step : determination of all possible mod-

els with different combinations of terms of
quadratic polynomial and one term of the cubic
polynomial. For example, there were 15 possible
combinations of terms:

y1=a1a�x1a+1b�x2+a1c�x3+a1d�x1�x2

y2=a2a�x1+a2b�x2+a2c�x3+a2d�x1�x3

y3=a3a�x1+a3b�x2+a3c�x3+a3d�x2�x3

y4=a4a�x1+a4b�x2+a4c�x3+a4d�x1�x2�x3

Fig. 5. Low concentrated semisolid emulsions: G % and G¦
dependent on frequency (d=0.2, after 1 month storage).

Table 3
Mean values, S.D. and R.S.D. of tan d for a particular tested
system during a period of 3 months (y=5.32 Hz)

Sample Tan d9S.D. R.S.D.

0.90890.091I 9.98
0.34390.079II 22.93
0.33890.050III 14.86

IV 3.66590.685 18.68
2.66790.585V 21.94
0.98890.054VI 5.51

VII 0.84190.100 11.89
VIII 0.33690.063 18.80
IX 22.483.18990.717

S.D., standard deviation; R.S.D., relative standard deviation,
expressed in %.
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Table 4
Statistical evaluation of the linear polynomial models Yj=A*x1+B*x2+C*x3

Flof CC DCFreg RMS (%)Responses RMSm(%)

48.4553 0.8245 0.8496 11.8693y1 2.311136.8594
24.7843 0.8356 0.859124.5543 13.8439y2 3.7332
21.5830 0.7832 0.8142y3 12.637526.1689 3.6414
40.0002 0.7779 0.809625.9299 12.1156y4 2.5909

19.2630y5 36.2590 0.7929 0.8225 14.6156 3.2787
5.1898 0.8196 0.845427.1471 13.4252y6 7.3890
260.3536 0.8181 0.8441y7 12.905229.8802 1.0931
64.9652 0.7958 0.824926.5652 13.3502y8 2.2508

y9 30.4633 21.9393 0.7232 0.7628 12.989 3.7135

Table 5
Statistical evaluation of the incomplete quadratic polynomial models Yj=A*x1+B*x2+C*x3+D*x1*x2+E*x1*x3+F*x2*x3

FlofResponses CCFreg DC RMS (%) RMSm (%)

y1 1.587359.572 0.997 0.998 2.260 2.311
3.902 0.985 0.99086.159 5.174y2 3.733
2.907 0.9946 0.9961y3 4.558102.538 3.641
10.859 0.952 0.96664.134 5.431y4 2.591

35.194y5 17.481 0.966 0.973 9.447 3.279
0.494 0.99 0.99362.759 6.221y6 7.389

1043.521y7 3.377 0.9832 0.989 1.309 1.093
3.784 0.985y8 0.989253.980 3.085 2.251
1.789 0.957 0.970 4.016 3.714168.776y9.

Fregkrit=3.482; Flofkrit=4.757.

y5=a5a�x1+a5b�x2+a5c�x3+a5d�x1�x2

+a5e�x1�x3

y6=a6a�x1+a6b�x2+a6c�x3+a6d�x1�x3

+a6e�x2�x3

y7=a7a�x1+a7b�x2+a7c�x3+a7d�x1�x2

+a7e�x2�x3

y8=a8a�x1+a8b�x2+a8c�x3+a8d�x1�x2

+a8e�x1�x2�x3

y9=a9a�x1+a9b�x2+a9c�x3+a9d�x1�x3

+a9e�x1�x2�x3

y10=a10a�x1+a10b�x2+a10c�x3+a10d�x2�x3

+a10e�x1�x2�x3

y11=a11a�x1+a11b�x2+a11c�x3+a11d�x1�x2

+a11e�x1�x3+a11f�x2�x3

y12=a12a�x1+a12b�x2+a12c�x3+a12d�x1�x3

+a12e�x2�x3+a12f�x1�x2�x3

y13=a13a�x1+a13b�x2+a13c�x3+a13d�x1�x2

+a13e�x2�x3+a13f�x1�x2�x3

y14=a14a�x1+a14b�x2+a14c�x3+a14d�x1�x2

+a14e�x1�x3+a14f�x1�x2�x3

y15=a15a�x1+a15b�x2+a15c�x3+a15d�x1�x2

+a15e�x1�x3+a15f�x2�x3+a15g�x1�x2�x3

The index of responses: yl where l (1–15) repre-
sents the sequential number of possible combina-
tions of parameters. The index of parameters: alk,
where l represents the same as the former and k
(a–g) represents the sequential number of a
parameter in a particular model.

Third step : the program automatically deter-
mines the best model on the basis of the statistical
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Table 6
Size of the parameters of incomplete quadratic polynomial models Yj=A*x1+B*x2+C*x3+D*x1*x2+E*x1*x3+F*x2*x3

x2 x3 x1x2 x1x3 x2x3 x1x2x3Parameter x1

0.363 7.283 69.838y1 51.100−62.308 −7.927 —
y2 −34.757 0.283 8.425 43.051 — −8.734 —

0.188 11.576 55.342 — −12.923y3 —−44.984
0.119 10.971 —8.665 −62.618y4 −11.224 —

−7.906y5 0.763 12.151 — — −15.554 —
0.198 12.784 55.163y6 —45.550 −13.952 —
0.688 16.031 118.463−119.518 —y7 −22.356 220.566

−45.407y8 0.286 14.602 54.733 — −17.067 —
0.641 10.626 −31.506 — −14.026 —y9 24.432

Table 7
RMS values (%) of tested models

Two-layer neural networkResponses Incomplete quadratic model Measurements

2.260y1 2.3112.293
5.1744.260 3.733y2

4.197y3 4.558 3.641
y4 5.336 5.431 2.591

9.4478.125 3.279y5

5.659y6 6.221 7.389
1.723y7 1.309 1.093

3.0852.370 2.251y8

y9 5.479 4.016 5.976

analysis (values of Flof, Freg, CC, DC, RMS,
RMSm). Flof is Fisher’s ratio or lack-of-fit, CC the
correlation coefficient, DC the deterministic co-
efficient, RMS the root mean square of the differ-
ence between simulated and experimental values,
and RMSm the root mean square of the difference
between a particular experimental value and the
mean experimental value (Deming et al., 1987).

2.4.3. Neural network model
A back-propagation supervised learning al-

gorithm was used for modelling the neural net-
work (Tus' ar et al., 1992). The supervised learning
algorithm deals with known pairs, in our case
input (factors)–output (responses). The training
procedure is based on the steepest descent type of
non-linear regression. The squashing function is
sigmoidal. The architecture of the neural network
can be seen in Fig. 1. There were three input, 12
hidden and nine output neurones. In Fig. 1 only
some connections between neurones are drawn.

The input neurones were the contents of the par-
ticular emulsion components (surfactant, water,
white petrolatum) and the output neurones were
the measured values of tan d at different time
intervals. The learning term was 0.5 (possible
range of values, 0–2) and the momentum term 0.9
(possible range of values, 0–1) (Bajsic' et al.,
1995).

3. Results and discussion

Lipophilic semisolid emulsion systems contain-
ing silicone surfactant were prepared by our own
prescription according to a mixture experimental
design. The share of all three components: silicone
surfactant, purified water and white petrolatum
was varied. The resulting emulsions can be di-
vided into three main groups: (1) high concen-
trated, 90% (w/w) of water phase (samples II, III,
VIII); (2) concentrated, approximately 65% (w/w)
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Fig. 6. Comparison on the basis of a graphical presentation of tan d values dependent on silicone surfactant (x1) and purified water
(x2) content after 6 weeks calculated with: (A) an incomplete quadratic model; and (B) a two-layer neural network.

of water (samples I, VI, VII); (3) low concen-
trated, approximately 40% (w/w) of water (sam-
ples IV, V, IX).

The microphotographs of emulsions showed a

gel network composed of white petrolatum, in
which water droplets were dispersed. The size and
polydispersity of emulsified droplets depended on
the water phase content (Gas' perlin et al., 1994).
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Table 8
Simulated (tan d-S) and experimental values of tan d (tan d-
M) for two new emulsion samples, not included in the experi-
mental design

x1 x2 x3 Tan d-M Tan d-S

0.50 0.45Sample 1 1.450.05 1.38
0.70 0.25 0.73Sample 2 0.660.05

larger droplets were filled with smaller ones. Be-
cause of the small distance between the droplets,
the chains of adsorbed polymeric surfactant
molecules at the droplet surface are forced to
interpenetrate. This forced interpenetrating is re-
sponsible for the dominant elastic response (Fig.
3).

The second group, concentrated emulsion sys-
tems, exhibited the cross-over point. At lower
frequencies, loss modulus was higher than storage
modulus; the system exhibited a more viscous
than elastic response. In this area the energy
dissipation is relatively larger in comparison to
the elastic energy stored in the system. At fre-
quencies higher than the cross-over point, this
energy dissipation is insignificant and the system
stores most of the energy; the elastic response
prevails at the same phase ratio (Fig. 4).

For the low concentrated systems viscous char-
acteristics prevailed in the whole frequency range.
The ratio between the hydrophilic and the
lipophilic phase, respectively, a smaller volume
fraction of inner water phase was found as a
decisive factor influencing the prevailing viscous
behaviour. The emulsified droplets could be situ-
ated relatively far away from each other and steric
interactions among them were infrequent (Fig. 5).
The viscoelastic characteristics of the prepared
lipophilic semisolid emulsion systems containing
silicone surfactant were influenced mostly by the
hydrophilic/lipophilic phase ratio, while the con-

3.1. Viscoelastic beha6iour

The linear viscoelastic range of investigated sys-
tems (an example is given in Fig. 2), was evidently
observed by deformations smaller than 1.0, ac-
cording to the constant values of tan d. In this
region the values of storage modulus (G %) stay
nearly constant, but with the increasing deforma-
tions they fell quickly. Such behaviour is at-
tributed to the effect of strain amplitude on the
structure of emulsions; at higher deformations
some changes of droplet arrangement may occur
(Tadros, 1994). The loss modulus values (G¦) for
the particular sample stayed nearly constant at
the chosen amplitude range.

Once the linear viscoelastic area was estab-
lished, experiments were performed as a function
of frequency. Elastic behaviour was predominant
for high concentrated systems in the whole fre-
quency range. The incorporation of such an
amount of water (as inner phase) was possible
because of polydispersity: empty places between

Fig. 7. Predicted values of tan d during ageing calculated with a neural network for a selected formulation (n=5.32 Hz).
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centration of the surfactant phase played no ma-
jor role.

3.2. E6aluation of physical stability

For the evaluation of physical stability of emul-
sions dynamic parameter tan d was used. Values
tan dB1 characterize predominant elastic be-
haviour, while values tan d\1 indicate prevailing
viscous behaviour. The changes of tan d during
ageing are shown in Table 2. We have established
that all prepared emulsions were physically stable
during a period of 1 year. No visual signs of
physical instability were observed. All systems
also stayed microbiologically stable, although no
preservatives were added. The size of emulsified
droplets was too small to allow the growth of
micro-organisms.

As a criterion for classification, statistical
parameter R.S.D. (relative standard deviation)
was employed. It represents the deviation in % of
mean value of tan d for a particular sample dur-
ing a period of 3 months (Table 3). The smallest
R.S.D. was exhibited by concentrated emulsion
systems (I, VI and VII), followed by low concen-
trated systems (IV, V and IX) and high concen-
trated ones (II, III and VIII). The latter were
found to be unsuitable for pharmaceutical use
because of their prevailing elastic behaviour.

The results enable the statement that, for the
preparation of physically stable emulsion systems,
1% (w/w) concentration of silicone surfactant is
sufficient. The surfactant used is a polymeric com-
pound composed of the hydrophilic polyether
group oriented into the inner water phase and
lipophilic polyalkyl groups oriented into the white
petrolatum. The polysiloxane backbone, being hy-
drophobic and lipophobic, strengthens the whole
molecule at the interface. The silicone surfactant
substantially contributes to the distinct physical
stability of emulsion systems, following the mech-
anisms of reducing interfacial tension and steric
stabilization.

3.3. Modelling

From the statistical analysis of the linear poly-
nomial models according to Freg, Flof, CC, DC

and RMS, it can be seen that the models do not
represent the system very well (high values of Flof

and also higher values of RMS in comparison
with RMSm) (Table 4). Consequently, the higher-
order polynomials must be used.

A statistical analysis of the second-order poly-
nomial models showed that the incomplete
quadratic polynomials represented the studied
system very well (Table 5). The term alk*x2*x3

performed the interaction between water and
white petrolatum on the one hand and tan d, on
the other. It appeared in all models (for all nine
tan d) and it was inversely proportional to tan d

(Table 6). Terms alk*x2 and alk*x3 showed a con-
stant relationship, proportional to tan d during
ageing. A completely different situation was
found for alk*x1, representing the silicon surfac-
tant: it was found to be proportional (for y4, y6,
y9) or inversely proportional (for y1, y2, y3, y5, y7,
y8) to tan d. Almost the same situation occurred
for terms which include x1 (alk*x1*x2, alk*x1*x3,
alk*x1*x2*x3). These terms showed inverse propor-
tionality or proportionality to tan d, or they were
negligible. We can conclude that the content of
the silicone surfactant does not constantly affect
tan d. The findings correlate with the results con-
cerning viscoelastic behaviour.

The comparison between used models (neural
network and incomplete quadratic polynomials)
was performed statistically and graphically. The
results of statistical evaluation based on calcu-
lated RMS values of tan d are shown in Table 7.
Furthermore, RMSm values of experimental tan d

in comparison with the calculated ones showed
approximately the same range of values. The size
of RMS values calculated on the basis of incom-
plete quadratic models are close enough to the
RMSm values, so the explanation of correlation
between the factors and tan d can be reliably
given. The calculated RMS values with the neural
network are even a little bit closer to the RMSm.

In Fig. 6 the calculated contours based on the
neural network and incomplete quadratic model
(Table 6, row 6) are shown. The tendency and
shape of lines in the contours were found to be
practically the same. For any combination of x1

and x2 values the content of white petrolatum x3

is determined as follows:



M. Gas' perlin et al. / International Journal of Pharmaceutics 168 (1998) 243–254 253

x3=1− (x1+x2) (3)

It can be seen that factor values in maximum and
minimum are the same. The calculated values of
tan d in minimum with neural network is 0.254,
with a polynomial value of 0.247, whereas the real
value is 0.31. In maximum, the calculated value
with the neural network is 4.145, with a polyno-
mial value of 3.678, and a real value of 4.11. On
the basis of this comparison the neural network
model was found to be more accurate.

The neural network was tested with some new
experiments (Table 8). These samples were not
included in the process of network training. Tan d

of the tested samples revealed that the reliability
of the neural network model was high enough for
the prediction of the physical stability of semisolid
emulsion systems with silicone surfactant.

On the basis of a trained neural network the
following actions can be undertaken:

(1) Prediction of tan d for selected formulation,
acceptable for pharmaceutical use. For a certain
formulation, tan d can be predicted during ageing.
For example, we would like to know how tan d

changes during ageing for a selected formulation
(1% of surfactant, 70% of purified water and 29%
of white petrolatum). The results of the neural
network model are presented in Fig. 7.

(2) Coincidental search of optimal formulation.
Optimal formulations can be calculated with the
trained neural network according to our specifica-
tions. For example, the content of purified water
must be between 80 and 90%, and we would like
to achieve a tan d value of approximately 0.5 after
1 month of storage. In this case the results of
modelling are: x1=0.01, x2=0.80, x3=0.19,
tan d=0.480.

(3) The study of influences of particular factors
with the inspection of the calculated counters.

4. Conclusions

Oscillatory rheometry was employed for vis-
coelastic behaviour and physical stability evalua-
tion of lipophilic semisolid emulsion systems
containing silicone surfactant. The oscillation ex-
periments of the high concentrated systems exhib-

ited a predominantly elastic response in the whole
frequency range. The cross-over point is charac-
teristic for the concentrated emulsions and for the
low concentrated systems the viscous behaviour is
predominant. With regard to the results of rheo-
logical behaviour of the investigated systems, only
the water/white petrolatum ratio was found to be
decisive.

Physical stability is one of the most critical
parameters of the emulsion systems. All the pre-
pared systems were physically stable during a
period of 1 year. Dynamic oscillatory parameter
tan d was chosen as the basis for the development
of mathematical models to forecast the stability
depending on the content of the individual com-
ponent in an emulsion. The polynomials of the
second order were found to describe the relation
between factors and responses almost the same as
the neural network model. The two-level neural
network was proven to represent a statistically
acceptable model. This model was also evaluated
and the results have shown a great degree of
reliability. The prediction of tan d using a neural
network model was found to be of great interest
for a pharmaceutical formulation design because
a lot of additional testing can be omitted.
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